L earning and memory are central to our core sense of self and to how we experience and interact with the world around us. Disorders of learning and memory such as dementia and traumatic brain injury (TBI) create a huge social and financial burden on society. Unfortunately, existing treatments have limited utility. Deep brain stimulation (DBS) is a successful treatment for movement disorders such as Parkinson disease (PD), 13 essential tremor,
In addition to particular anatomical regions, specific firing patterns have been implicated in memory functions. Groups of neurons influence the activity of other surrounding neurons, generating different frequency oscillations in extracellular field potentials recorded via local field potentials or electroencephalography. 16 These oscillations can occur at a wide range of frequencies. Two frequencies that play a particularly important role in memory are gamma (30-100 Hz) and theta (3) (4) (5) (6) (7) (8) . Theta-frequency oscillations predominate hippocampal activity and play a vital role in memory, in part by contributing to the transfer of information between the hippocampus and other regions involved in memory. 58 Phase synchronization occurs when the oscillation patterns of 2 connected regions become coordinated, and plays an important role in communication between neural regions as well as neural plasticity. Because of its higher frequency, gamma-phase synchronization plays an important role in neural communication and long-term potentiation by providing a tight temporal regulation and coordination of neural signals. Theta-phase synchronization also plays an important role in neural communication and plasticity processes contributing to memory, perhaps partially by providing a more globalscale coordination of local gamma-phase synchronized assemblies. 16 Gamma-phase synchronization between the rhinal cortex and hippocampus has been implicated in both successful memory encoding and retrieval. Rhinal cortex and hippocampus theta-phase synchronization occurs during memory encoding, whereas medial temporal lobe theta-phase synchronization with neocortical regions is increased during memory retrieval. 59 Anterior thalamic nucleus-frontal lobe and parietal lobe theta synchrony is seen during successful memory encoding. 104 An interconnected network of cortical and subcortical regions referred to as the default mode network underlies memory function. In healthy young adults, increased connectivity is seen in the resting state, with decreased connectivity during cognitive tasks. 62 
types of Memory
Memory can be divided into short-and long-term memory. Short-term or working memory involves temporarily holding and manipulating information for cognitive tasks. Long-term memory is a system that allows more permanent storage, management, and retrieval of information. Long-term memory can be divided into implicit, or unconscious recall, and explicit, or conscious recall. Implicit or procedural memory is a type of memory in which associations are formed between environmental sensory cues and behavioral responses. 43 Explicit memory can be subdivided into semantic memory, which involves retaining facts independent of environmental setting, and episodic memory, which refers to the memory of autobiographical events. 43 Other types of memory include spatial memory, which involves information about the relationship of objects to the spatial environment.
Different types of memory rely on different components of memory circuitry. Episodic memory heavily uses the hippocampus and anterior nucleus of the thalamus. 38 The hippocampus, anterior nucleus of the thalamus, parahippocampal gyrus, and entorhinal cortex are important in semantic memory. 38 The hippocampus and anterior nucleus of the thalamus also play a role in spatial memory, as do the fornix, cingulum, parahippocampal gyrus, and entorhinal cortex.
Disorders of learning and Memory Alzheimer Disease
Alzheimer disease is the most common dementia and is associated with tremendous social and economic costs.
38
The prevalence of AD in the US is 9.7% in patients older than 70 and increases to 37.4% in those older than 90.
84
The prevalence of AD in the US is 5.2 million and is expected to increase significantly in coming years.
31,36
Alzheimer disease is characterized by cognitive deterioration, memory loss, aphasia, apraxia, and behavioral symptoms. 84 Difficulty with learning new information, formation of episodic memory, memory recall, and problem solving are characteristic. 59 Numerous cerebral amyloid plaques made up of aggregated beta amyloid peptides and intracellular neurofibrillary tangles composed of hyperphosphorylated tau protein are found in the brains of patients with AD.
33
Alzheimer disease is associated with decreased metabolism in frontal lobe, medial temporal lobe, and parietal regions, and is characterized by hippocampal cell loss, degeneration of the basal forebrain cholinergic nucleus basalis of Meynert (NBM), and dysfunction of the noradrenergic locus coeruleus and serotonergic dorsal raphe nucleus (Fig. 2) . 38 Atrophy of entorhinal cortex and hippocampus may occur before the development of cognitive symptoms. Forniceal degeneration has also been associated with early cognitive impairment. 62 Dysfunctional neural networks with metabolic abnormalities across wide cortical and subcortical regions contribute to the deficits seen in AD. 55, 92 Deactivation in the default mode network during cognitive tasks is decreased in older adults and in patients with AD, with greater deficits in the latter. 62 In AD there is decreased activity in the precuneus and posterior cingulate, which comprise the posterior default mode network, with decreased connectivity in all areas as the disease progresses. 83 
traumatic brain Injury
Traumatic brain injury is a major cause of death and disability in the US. 14, 81 The annual incidence of TBI in the US is approximately 1.5 million. Initial damage occurs due to direct physical damage to the brain, with further damage occurring due to secondary processes such as glutaminergic excitotoxicity, disruption of the blood-brain barrier, and increased intracranial pressure. Cognitive deficits after TBI include impairments in attention, concentration, information processing, memory, and problem solving.
14 Traumatic brain injury reduces theta-frequency firing, a neural firing frequency known to play an important role in memory, in rat hippocampus CA1, 57, 58 as well as firing in other frequency ranges. TBI decreases broadband power as well as theta oscillations in the hippocampus, perhaps associated with a change in the level of neuronal correlation. 82 Also, TBI has been associated with increased neuronal and network excitability.
targets for Neuromodulation

Cortical targets
Entorhinal Cortex
Entorhinal cortex stimulation in rodents increases neurogenesis in the dentate gyrus and improves spatial working memory in a manner dependent on neurogenesis. 100 Adult-generated dentate gyrus cells are incorporated into hippocampal memory networks. 101 Stimulation of entorhinal cortex during learning of a spatial memory task enhanced learning in human subjects with electrodes implanted for evaluation of treatment-resistant epilepsy, whereas hippocampal stimulation did not affect performance. Entorhinal stimulation also increased hippocampal theta power, the firing frequency known to be important for the role of the hippocampus in memory. 103 Entorhinal cortex stimulation may improve memory encoding by augmenting hippocampal theta activity as well as having long-term benefits on memory capacity by increasing production of new neurons integrated into functional hippocampal memory circuitry. 
Hippocampus
The hippocampus is integral to the creation of new memories but not to memory storage. 4 CA3 and dentate gyrus are important in memory encoding. 102 Hippocampal dysfunction with anterograde amnesia is characteristic of both AD and TBI. 4 Degeneration of hippocampal neurons may be an early event in the pathogenesis of AD.
38
Hippocampal neuronal recording and activation has been used to record and generate memories in rodents. When neurons activated during fear learning are later activated using optogenetic stimulation in the context of the conditioned stimulus, animals display increased fear response, indicating memory activation. 61 Recording ensembles of hippocampal CA1 and CA3 neurons enable pre diction of memory task outcome, and stimulation alters memory task performance. 5 Hippocampal stimulation delivered in a spatial and temporal task-specific pattern determined from prior recordings restored memory-dependent conditioned behavior in rats treated with hippocampal infusion of an NMDA channel blocker, a treatment that blocks hippocampal-dependent memory performance. 4 Medial temporal DBS has shown some promise in a rodent dementia model. Scopolamine is a muscarinic acetylcholine receptor antagonist, and animals treated with this agent have memory impairment, similar to patients with AD who have a cholinergic deficit. Entorhinal cortex and CA1 stimulation during a spatial memory task restored performance in a rat scopolamine injection dementia model.
37 CA1 stimulation increased expression of a neuronal activity marker in the cingulate gyrus, mammillothalamic tract DBS increased levels in the infralimbic and prelimbic cortex, and entorhinal cortex and anterior thalamic nucleus stimulation increased levels in CA3.
37
Much of the hippocampal stimulation research in human subjects has been performed in patients with epilepsy-with mixed results. Stimulation of medial temporal structures including the hippocampus and amygdala may evoke visual memories in human subjects. 110 However, bilateral hippocampal DBS for epilepsy may cause memory impairments. 66 Epilepsy patients with implanted depth electrodes who underwent bilateral hippocampal stimulation during encoding in an episodic memory task had impaired performance on the task, whereas stimulation during retrieval did not affect performance. 54 Stimulation may cause a depolarization block, which disrupts formation of episodic memory.
38 Dominant-side hippocampal DBS may have detrimental effects on verbal intelligence. 70 Conversely, a group of epilepsy patients who underwent unilateral amygdalohippocampal DBS had improved visual memory (which may have been due to a practice effect), but otherwise had unchanged cognitive performance. Overall, direct hippocampal DBS in humans does not appear to improve memory, and bilateral stimulation may alter hippocampal activity that is necessary for memory encoding and thus impair memory formation.
Gamma oscillation synchronization between rhinal cortex and hippocampus is associated with successful memory encoding. 17 In epilepsy patients with implanted depth electrodes who received coordinated hippocampal and rhinal cortex stimulation during a learning task, the phase of stimulation affected performance, with in-phase, sham, and anti-phase stimulation, respectively, having decreasing efficacies. 17, 18 Overall, these studies confirm that the hippocampus is important for memory encoding and suggest that sophisticated stimulation parameters or stimulation of multiple regions to increase connectivity may be necessary to recruit hippocampal function and improve memory through neuromodulation.
Neocortical Regions
The ventromedial prefrontal cortex has indirect connections with the hippocampus; thus, strategies targeting this region may improve memory by augmenting hippocampal function. 60 In rats, left medial prefrontal cortex epidural direct-current stimulation prior to a spatial working memory task improved performance. The medial prefrontal cortex may contribute to learning strategies involved in working memory. 12 In a rat aging model of dementia, older rats have deficits in long-term memory. Both high-and low-frequency stimulation of the ventromedial prefrontal cortex prior to training and testing improved short-but not long-term memory, whereas chronic stimulation improved both short-and long-term memory. High-frequency stimulation increased a marker of neural activity in subiculum, dentate gyrus, and CA1, and it increased the expression of genes related to neurogenesis, as well as increasing neural progenitor cells and dendritic spines in the dentate gyrus. Improvements in spatial memory were associated with cell proliferation in the dentate gyrus. 60 Prefrontal cortex plays an important role in memory encoding and retrieval, and increased dorsolateral prefrontal cortex activity has been demonstrated in AD. 31 Anodal transcranial direct-current stimulation of dorsolateral prefrontal cortex during encoding, which is known to be activating, improved performance on a verbal memory task. Conversely, cathodal stimulation during encoding, which is deactivating, impaired performance. When the stimulation was performed during recall, anodal stimulation trended toward improved verbal memory performance, whereas cathodal stimulation impaired performance. 46 This suggests that dorsolateral prefrontal cortex activation improves both verbal memory encoding and retrieval, whereas decreased activity impairs performance.
Repetitive transcranial magnetic stimulation of the left dorsolateral prefrontal cortex in patients with postconcussive syndrome resulted in improvement in symptoms, including subjective improvement in memory, and was associated with greater dorsolateral prefrontal cortex activity and reduced rostral anterior cingulate cortex activity during a working memory task. 52 Cortical activity induced by left prefrontal cortex anodal transcranial direct-current stimulation in patients with TBI correlated with improvements on neuropsychological tests.
108
Anodal transcranial direct-current stimulation of prefrontal cortex improves working memory. 21 Transcranial magnetic stimulation of left inferior prefrontal cortex was associated with improved episodic memory. 51 In a group of elderly patients who reported memory loss, prefrontal repetitive transcranial magnetic stimulation improved performance on an associative memory task, and was associated with increased activity in the left anterior cin-gulate and right middle frontal gyrus and in the medial frontal lobe. 96 Stimulation of parietal cortex has also been associated with memory improvements. In patients with mild cognitive impairment, repetitive transcranial magnetic stimulation of parietal cortex improved associative memory.
11
Transcranial alternating-current stimulation of the left parietal cortex during a working memory task increased working memory storage capacity. 45 Given the known importance of the temporal lobe in memory function, temporal lobe stimulation has been explored for memory modulation. A case report describing a woman undergoing temporoparietal deep transcranial magnetic stimulation for treatment of tinnitus found that pleasant childhood memories were evoked in the patient by stimulation, 87 suggesting that it may be possible to leverage stimulation of this region to augment memory recall. Noninvasive temporal stimulation has shown promise in both AD and TBI. Temporal anodal direct-current stimulation in a group of patients with AD improved performance on a visual recognition memory task, with effects lasting for up to 1 month after stimulation. 6 Left frontotemporal repetitive transcranial magnetic stimulation in a patient with TBI resulted in improvement in executive functions and memory. 79 Larger efforts to follow up on these reports are warranted.
subcortical targets
Anterior Nucleus of the Thalamus
The anterior nucleus of the thalamus is part of the Papez circuit and has connections with a number of areas known to be involved in memory. It projects to both superior frontal and temporal cortical regions 19 as well as to the dentate gyrus via the cingulum and entorhinal cortex, 27 and has strong connections with the anterior cingulate cortex. 35 It receives projections from mammillary bodies via the mammillothalamic tract, and from the subiculum via the fornix; 3 therefore it is well positioned to modulate memory.
High-frequency stimulation of the anterior nucleus of the thalamus improves spatial memory in a mouse AD model. 9 Rats treated with corticosterone to reduce neurogenesis have impaired performance on a hippocampal memory task, but performance returned to baseline and hippocampal neurogenesis increased in rats that received high-frequency stimulation of the anterior thalamic nucleus 1 month prior to testing.
29 High-frequency but not lowfrequency stimulation of the anterior thalamic nucleus increased neurogenesis in the dentate gyrus, 15, 106 with a large portion of new cells developing into mature neurons, and high-frequency stimulation also restored decrements in dentate gyrus neurogenesis induced by corticosteroid treatment. 106 Conversely, high-current-density stimulation of anterior thalamic nucleus during memory acquisition impaired performance on the memory task and resulted in increased markers of neural activity in cingulate cortex, orbitofrontal cortex, supramammillary nucleus, and lateral entorhinal cortex, and in a decreased firing rate of dentate gyrus cells in vivo.
27
In a double-blinded randomized controlled trial of bilateral DBS of the anterior thalamic nucleus for epilepsy, patients with stimulation turned on reported a greater incidence of subjective memory impairment, although no difference was observed on neuropsychological cognitive testing. 19 Patients with epilepsy who received DBS of the anterior thalamic nucleus had worsened response inhibition and enhanced attention allocation to threat with stimulation turned on than with it turned off. 35 In another study, patients with bilateral DBS of the anterior thalamic nucleus had improved word fluency and verbal memory, which did not correlate with seizure reduction. 77 Observed differences may be related to differences in stimulation parameters, timing of stimulation delivery, and timing of behavioral testing. Given the role of the anterior thalamic nucleus in the Papez circuit and demonstrated changes in activity in regions involved in memory with anterior thalamic nucleus stimulation, DBS of this region may impact memory by Hebbian learning, strengthening connections between regions involved in learning circuitry. Animal models have also demonstrated changes in neurogenesis with anterior thalamic nucleus stimulation; thus some of the differences in effects seen in human subjects with DBS of this region may be related to timing of behavioral testing, because time between initiation of DBS and behavioral testing is necessary to allow for neurogenesis to occur if this mechanism contributes to the effects seen in human subjects. Further trials will be required to determine if the promise of this therapeutic target in rodent models translates to human patients, and to further elucidate the mechanism of action.
Other Thalamic Regions
The rostral intralaminar thalamic nuclei are part of frontal basal ganglia networks and play a role in maintaining arousal. Low-current stimulation of rostral intralaminar thalamic nuclei in rats just prior to memory retrieval improved performance on a delayed match-tosample task, whereas high-current stimulation impaired it, suggesting that activation of this structure is involved in memory retrieval. 63 Midline thalamic nuclei have connections with the hippocampus, and stimulation may result in activation of CA1. Medial thalamic nucleus high-frequency stimulation increased alpha but not beta secretase activity in an AD mouse model. Medial thalamic nucleus stimulation in a mouse AD model improved acquisition memory and short-term memory, and increased activity in CA1 and dentate gyrus. These findings suggest that medial thalamic nucleus high-frequency stimulation may enhance synaptic plasticity and alter A-beta clearing. 2 Central thalamus high-frequency stimulation increased expression of a marker of neuronal activity as well as a gene associated with long-term potentiation in motor cortex, anterior cingulate cortex, and dentate gyrus. Stimulation during the memory recall period but not during the learning or interval period improved performance on a novel object recognition task. 93 Stimulation of left but not right ventrolateral thalamus in human subjects during memory recall impaired performance on a verbal memory test, whereas stimulation during both presentation and recall did not impair per-formance. Also, stimulation of left ventrolateral thalamic electrodes during stimulus presentation was associated with improved performance, suggesting that the right ventrolateral thalamus may contribute more to memory recall and the left ventrolateral thalamus may contribute more to memory encoding.
78
Hypothalamus
The lateral hypothalamus has connections with the medial forebrain bundle and other components of the reward system; stimulation is rewarding and reinforces learning. Rats with amygdala lesions, which are known to have learning and memory deficits, have improved performance with lateral hypothalamus self-stimulation following a fear-learning task. This improvement is associated with decreased acetylcholinesterase activity in preserved lateral amygdala areas. 49 A patient who underwent ventral hypothalamic stimulation for obesity reported that the stimulation induced autobiographical memories, and the patient had improved performance on verbal learning and spatial associative learning tasks as well as a hippocampal-mediated memory task with stimulation. Hypothalamic stimulation drove increased activity in the ipsilateral hippocampus and parahippocampal gyrus, probably via activation of the fornix.
28
Medial Septal Nucleus
The medial septum has cholinergic, g-aminobutyric acid (GABA)ergic, and glutaminergic projections to the hippocampus. Theta-frequency activity dominates hippocampal neural firing patterns and is known to play an important role in memory. 16, 57, 58 Connections between the medial septal nucleus and hippocampus have an important role in regulating hippocampal theta oscillations, 111 with the medial septal nucleus acting as a pacemaker for the hippocampus. 58 As such, the medial septal nucleus is positioned to modulate hippocampal activity and memory function.
47
Medial septal nucleus stimulation prior to a spatial working memory task increased hippocampal theta oscillations 58 and improved spatial working memory in a TBI rat model, but did not have a significant effect in control rats.
57 Theta-frequency stimulation during a spatial learning task in a rat TBI model also improved learning. 58 Medial septal nucleus stimulation therefore appears to augment hippocampal theta oscillations, and may improve memory encoding by strengthening this rhythm, with its known importance in memory.
A study in a cholinergic lesion rat model of dementia found that medial septum midfrequency stimulation performed daily following training sessions improved learning in a spatial memory task and increased hippocampal acetylcholinesterase activity and dentate gyrus neurogenesis. 47 Therefore increased medial septal nucleus stimulation may also improve memory via increased hippocampal activity and neurogenesis.
Nucleus Basalis of Meynert
Both AD-and PD-related dementia are characterized by loss of cholinergic neurons in the NBM as well as loss of cortical cholinergic markers. 24, 33 The NBM modulates widespread cortical networks involved in cognitive function. 24 It is a largely cholinergic nucleus providing cholinergic innervation to cortex, which modulates other cortical inputs. 33 It receives projections from limbic and paralimbic regions including orbitofrontal cortex, parahippocampal cortex, entorhinal cortex, and cingulate cortex, as well as amygdala, hypothalamus, septal nuclei, and nucleus accumbens. The NBM has widespread neocortical projections, including frontal, parietal, and cingulate cortex as well as amygdala. Cortical cholinergic function is required for the formation of new memories, and the NBM is known to be involved in cortical plasticity and electrophysiological representation of learning and memory. 24 Stimulation of the NBM has been shown to induce an associative memory in an auditory learning task in healthy rats. 67 Low-frequency DBS of the NBM in healthy rats prior to training improved memory acquisition, whereas stimulation after training did not affect retention, suggesting that NBM DBS may enhance memory encoding. 73 Stimulation of the NBM has been shown to increase cortical acetylcholine release in a rodent model; 85 therefore this may occur via enhanced cholinergic release, which alters plasticity.
34,73,74 Unilateral low-frequency NBM stimulation prior to training improved memory acquisition and increased expression of a marker of neural activity in orbitofrontal, prelimbic, and infralimbic cortices, and the hippocampal subregions dorsal CA and ventral dentate gyrus.
7
NBM stimulation paired with an auditory tone results in reorganization of primary auditory cortex, suggesting that NBM plays an important role in representational plasticity, by emphasizing behaviorally important stimuli, which may contribute to improved memory acquisition by placing increased importance on specific stimuli. 50 The efficacy of DBS of the NBM depends more on frequency than current density, probably because NBM neurons typically have a low-frequency firing rate, and low-frequency stimulation is believed to activate cell bodies. 24 Unilateral NBM stimulation in rats increased ipsilateral cortical nerve growth factor levels, 41 and has thus been postulated to potentially mediate neuroprotective effects in AD. This effect is modulated by cholinergic cortical input, and was observed in adult but not aged rats.
40 Nerve growth factor is important for maintenance and survival of NBM neurons, and is decreased in the NBM in AD.
38
Deep brain stimulation of the left NBM was performed in a patient with AD, with a frequency of 50 Hz delivered for 15 seconds on, followed by 12 minutes off. Although no changes in cognitive function were observed, an arrest in the decline of cortical metabolic activity on the side of stimulation was observed. 107 A clinical trial of DBS of the NBM for AD is currently under way.
33,34
Low-frequency bilateral stimulation of NBM resulted in significant cognitive gains in a patient with severe PDrelated dementia, perhaps via activation of ascending basal forebrain projections and enhancement of the remaining function of the nucleus. 22 Stabilization was maintained at 2-year follow-up, and the authors postulate that this may have been mediated by stimulation-induced release of nerve growth factor in the NBM as well as resetting of neural oscillations. 33 Augmentation of cortical cholinergic function by NBM stimulation is a promising target for memory disorders.
Midbrain Raphe Nuclei
The dorsal and median raphe nuclei are serotonergic midbrain nuclei that send projections to forebrain gray matter, diencephalon, and brainstem. The median raphe nucleus projects to the dorsal hippocampus. Stimulation of the median raphe nucleus in a rat model of TBI improved function on memory tasks, resulted in increased volume of the parietal occipital cortex (which was found to be decreased in injured rats), and restored adenosine 3ʹ,5ʹ-cyclic monophosphate (cAMP) levels in cortex and hippocampus, but did not affect these parameters in sham-treated animals. 8 
Pedunculopontine Nucleus
The pedunculopontine nucleus (PPN) modulates activity of frontostriatal circuits and may alter cognitive processing. Low-frequency DBS of the PPN in patients with PD decreased reaction time but did not affect accuracy on a working memory task. Motor reaction times were not altered, suggesting an effect on working memory efficiency, perhaps through alteration of corticostriatal working memory circuits given known strong connections between PPN and basal ganglia, or via increased attention allocation.
10
In a group of 6 patients with PD who underwent DBS of both subthalamic nucleus (STN) and PPN, low-frequency PPN stimulation resulted in increased metabolism in the inferior frontal gyrus, dorsolateral prefrontal cortex, orbitofrontal cortex, anterior cingulate cortex, superior frontal gyrus, inferior parietal lobule, and supramarginal gyrus as well as the left ventral striatum, right insula, and right superior temporal gyrus. Deep brain stimulation of the PPN was also associated with improved cognitive functions, including verbal long-term memory. 99 
Basal Ganglia
The basal ganglia associative prefrontal and limbic loops contribute to memory formation and recall, 43 and therefore neuromodulation of these structures may impact memory.
Approximately 30% of patients with PD ultimately develop dementia, with cortical and subcortical Lewy bodies and cholinergic degeneration. 22 Cognitive deficits may be related to reduced dopamine in frontostriatal projections. 10 Dementia related to PD is characterized by deficits in executive function and memory, and probably occurs via a combination of basal ganglia as well as cortical and other subcortical degenerative processes. 24 The STN is frequently targeted with DBS to improve the motor symptoms of PD. Reports of effects on cognition in these patients are mixed. Patients with PD have impairments in associative learning and visual working memory that are partially restored by DBS of the STN.
72 Deep brain stimulation of the STN improves motor sequence learning in patients with PD, and is associated with increased network activity measured during learning, increased activity in the left cerebellar hemisphere and right premotor cortex, and decreased activity in the orbitofrontal cortex and supplementary motor area. 75 However, DBS of the STN may impair verbal memory in patients with PD. 59 The mixed effects of DBS of the STN on learning in patients with PD may be related to the different types of learning measured and the variations in lead placement optimized for impact on motor rather than cognitive circuitry.
High-frequency stimulation of the caudate nucleus in primates during the reinforcement period of a visuomotor associative learning task increased the rate of learning, suggesting that the caudate is involved in adjusting associative weights between stimuli and responses. 112 Striatal neurons have dopaminergic input and demonstrate different degrees of response to rewards, and therefore may contribute to forming learned associations. 43 Stimulation of the left dorsal striatum in rats immediately after training resulted in rats making significantly more procedural errors on probe tests, and increased GABA in dorsal striatum. 90 Different timing of stimulation with respect to components of the learning task probably contributed to these differing results, suggesting that the beneficial effect of caudate stimulation on learning is related to increased valuation of reinforcement.
white Matter targets
Fornix
Forniceal stimulation has been shown to restore memory in rodent models of a number of memory disorders. A rat dementia model created by injecting animals with scopolamine, a muscarinic acetylcholine antagonist, had improved performance on a spatial memory task with forniceal DBS when the animal was stimulated during the task, and this effect was dependent on current levels but not stimulation frequency.
39 In rats treated with hippocampal A-beta 1-42 injection to simulate AD, high-frequency stimulation of the anterior nucleus of the thalamus, entorhinal cortex, and fornix all improved performance on a spatial memory test, with the greatest improvements found in rats with entorhinal cortex and fornix stimulation. Entorhinal cortex and fornix high-frequency stimulation also improved recognition memory. 113 The dependence of forniceal DBS effects on current density rather than frequency of stimulation may be because myelinated axons are activated by stimulation regardless of frequency.
38
High-frequency stimulation of the fornix in mice with Rett syndrome rescued spatial learning, and it improved spatial learning in wild-type mice. Forniceal high-frequency stimulation was associated with improved dentate gyrus long-term potentiation and increased dentate gyrus neurogenesis.
32
The effects of forniceal DBS may occur via both orthodromic and antidromic activation of the large myelinated axons of the fornix.
34,38 Deep brain stimulation of the fornix increases a marker of neuronal activity in the dentate gyrus granule cell layer as well as CA1 and CA3. Forniceal DBS also increased hippocampal expression of the neurotrophic factors brain-derived neurotrophic factor and vascular endothelial growth factor, as well as synaptic proteins GAP-43, synaptophysin, and alpha synuclein. 23 These changes in gene expression may represent neuroprotective mechanisms, increased neurogenesis, and increased synaptic plasticity, including long-term potentiation induced by DBS.
The supramammillary area provides input to the medial septal area that helps determine hippocampal theta rhythmogenicity. 68 In a rat model in which hippocampal theta activity was blocked by a deactivating injection into the medial septal area, stimulation of the fornix at a frequency determined from a recording obtained in the supramammillary area as well as theta range stimulation, but not irregular stimulation, during a spatial memory task resulted in restoration of hippocampal theta activity and restoration of learning in the spatial memory task. 68 Theta burst stimulation prior to or during learning, but not highor low-frequency constant stimulation delivered via a fornix electrode, improved memory in rats with TBI, perhaps via long-term potentiation-mediated synaptic plasticity. 105 Specific forniceal stimulation parameters may be able to bypass dysfunctional hippocampal activity and thereby improve memory function by restoring the hippocampal firing rhythms necessary for memory.
Forniceal DBS has also shown promise in human subjects. In epilepsy patients with implanted depth electrodes, low-frequency stimulation of the fornix caused evoked responses in the hippocampus and posterior cingulate gyrus, and was associated with improvement in repeated MiniMental State Examination (MMSE) scores. 53 A blinded, sham-controlled trial of stimulation of an electrode implanted in the unilateral crus of the fornix in 4 patients with epilepsy undergoing depth electrode placement found that theta burst stimulation of the fornix led to evoked potentials in the hippocampus and improved performance on a spatial memory task, but not on verbal memory or naming, which are types of semantic memory. 71 The fornix was chosen as the target for the first clinical trial of DBS in AD. Six patients with early AD underwent bilateral DBS with lead placement parallel to the vertical portion of the fornix in the hypothalamus. At 12 months, 2 patients had less than expected worsening in cognitive score, 1 had greater worsening than expected, and 3 had expected worsening in cognitive score. Improvements were largely related to changes in the recall and recognition subscale. Stimulation was associated with changes in activity of the hippocampus and parahippocampal gyrus as well as activation of the middle and posterior cingulate gyrus and precuneus. Increased metabolism was seen in temporal, parietal, and posterior cingulate regions, areas affected in AD, after 1 year of stimulation. 56 Two patients had an increase in hippocampal volume at 1 year, which correlated with cognitive outcomes; these same patients also had an increase in hippocampal metabolism. Stimulation was also associated with volume increases in other regions involved in AD, including bilateral parahippocampal gyrus, right superior temporal gyrus, left inferior parietal lobule, and bilateral precuneus. 88 Patients had increased metabolism in 2 networks-a precuneus network that has connections with anterior cingulate and frontal cortical regions as well as limited temporal regions, and a hippocampal/parahippocampal gyrus network with extensive parietal and visual association cortex connections-after 1 year of DBS. Increased metabolism in the anterior cingulate, frontal lobe, insula, superior and middle temporal gyrus, precuneus, posterior cingulate, and cerebellum at 1 year correlated with cognitive scores, as did decreased metabolism in the precentral gyrus, middle occipital gyrus, putamen, and pulvinar. 95 Stimulation was more effective in patients with better preoperative function, perhaps because in early AD the hippocampus-to-fornix connections may still be functionally intact and therefore better able to have function augmented. 34 In another study a single patient with bilateral forniceal DBS had stabilization of cognitive and memory scores and increased mesial temporal lobe metabolism at 1-year follow-up. 20 Overall, these results support the model that forniceal DBS activates the fornix and alters upstream and downstream signaling in memory circuitry, creating changes in metabolism and structure via alteration of network signaling and perhaps neurogenesis. Neurogenesis induced by DBS may contribute new neurons that integrate into functional circuits and improve function in the neuronal network underlying memory. 62 Although studies of forniceal DBS in humans have demonstrated promising metabolic changes in networks associated with memory, further studies are needed to determine whether these will be associated with durable clinical results.
Medial Forebrain Bundle
In rodents, intracranial self-stimulation of the medial forebrain bundle administered after training sessions improves learning, 48, 97 reinforcing learning from the previous session. 86 Intracranial self-stimulation administered after memory reactivation improved retrieval when tested 24 hours later but not immediately after stimulation, suggesting long-term facilitation of memory retrieval. 98 Intracranial self-stimulation potentiates long-term memory 1 and increases a marker of neuronal activity in basolateral amygdala, lateral amygdala, 48 CA1, CA3, dentate gyrus, dorsal striatum, and lateral hypothalamus. It also modulates expression of genes involved in learning and memory and in neural plasticity and neurogenesis in the hippocampus. 44 Expression of immediate early gene Nurr1, a transcription factor expressed in dopaminergic cells, was significantly increased in CA1, CA3, dentate gyrus, dorsal striatum, and lateral hypothalamus after intracranial self-stimulation. 1 Stimulation upregulates expression of genes involved in neurogenesis in the hippocampus. 34 Expression of genes involved in synaptic plasticity, protein folding, and neurogenesis was increased in the amygdala after intracranial self-stimulation. 48 The time delay requirement of stimulation after encoding, combined with changes in expression of genes involved in protein folding and neural plasticity and neurogenesis, supports augmented plasticity and perhaps neurogenesis in limbic circuitry as the mechanism of action of medial forebrain bundle DBS in memory.
other therapies
Transcranial electrical nerve stimulation has been associated with memory improvement in patients with AD, and may act via hippocampal activation.
26,31,89
Radioelectrical asymmetrical brain stimulation is a noninvasive therapy using radiofrequency bursts. It has been shown to improve MMSE scores in AD, although longevity of results was not demonstrated. 64 Vagal nerve stimulation may improve cognitive outcome in patients with AD, with cognitive scale scores stable or improved at 6 months in 70% of patients. 94 At 1-year follow-up, 41% had improvement or no change on the Alzheimer's Disease Assessment Scale-cognitive subscale (ADAS-cog) and 71% had improvement or no change on the MMSE. 69 Vagal nerve stimulation may also improve cognitive function in TBI. Putative mechanisms include increased norepinephrine via activation of the locus coeruleus, antiinflammatory effect, increased synaptic plasticity, and perhaps increased neurogenesis.
76
Conclusions
Rapid advances in mapping the neural circuitry underlying learning and memory in both rodent models and human patients over the past 20 years have resulted in a proliferation of potential therapeutic targets for neuromodulation. As reviewed above, manipulating many of these targets has shown therapeutic promise in mouse and rat models of TBI and AD. Initial clinical trials targeting the fornix have had mixed results. Longer-term outcomes data of the various investigated targets in humans are particularly sparse. Additionally, although the discussed therapeutics have shown promise in improving memory in TBI and AD, it is important to acknowledge that both TBI and AD are disorders of overall cognition and not solely memory; thus it is difficult to determine if improving memory will translate into gains in quality of life. The data are compelling in support of further experimentation aimed at additional targets including entorhinal cortex, NBM, and PPN. Stimulation of different targets probably affects memory via a number of mechanisms, including alteration of neural firing patterns important for memory encoding and retrieval, augmentation of neural plasticity, and neurogenesis. The most effective strategies will probably require more sophisticated stimulated parameters and strategies and potentially multiple targets, with the ultimate goal of creating a responsive closed-loop system. The clinical burden of dementia is considerable and the efficacy of current medical treatments is limited, so significant further investigation is well warranted. 
